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A spectacular discovery!
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Here, at last!
François Englert and Peter W. Higgs are jointly awarded the Nobel Prize in Physics 2013 for the 
theory of how particles acquire mass. In 1964, they proposed the theory independently of each other 
(Englert together with his now deceased colleague Robert Brout). In 2012, their ideas were confirmed 
by the discovery of a so called Higgs particle at the CERN laboratory outside Geneva in Switzerland.

The awarded mechanism is a central part of the Standard Model of particle physics that describes how the 
world is constructed. According to the Standard Model, everything, from flowers and people to stars and 
planets, consists of just a few building blocks: matter particles. These particles are governed by forces medi-

ated by force particles that make sure everything works as it should. 

The entire Standard Model also rests on the existence of a special kind 
of particle: the Higgs particle. It is connected to an invisible field that 

fills up all space. Even when our universe seems empty, this field is 
there. Had it not been there, electrons and quarks would be mass-
less just like photons, the light particles. And like photons they 

would, just as Einstein’s theory predicts, rush through space at the 
speed of light, without any possibility to get caught in atoms or molecules. 

Nothing of what we know, not even we, would exist. 

Both François Englert and Peter Higgs were young 
scientists when they, in 1964, independently of each 
other put forward a theory that rescued the Stand-
ard Model from collapse. Almost half a century 
later, on Wednesday 4 July 2012, they were both 
in the audience at the European Laboratory for 
Particle Physics, CERN, outside Geneva, when 
the discovery of a Higgs particle that finally con-
firmed the theory was announced to the world.

The model that created order
The idea that the world can be explained in terms 
of just a few building blocks is old. Already in 400 
BC, the philosopher Democritus postulated that 
everything consists of atoms — átomos is Greek for 
indivisible. Today we know that atoms are not indivisible. They consist of electrons that orbit an atomic 
nucleus made up of neutrons and protons. And neutrons and protons, in turn, consist of smaller particles 
called quarks. Actually, only electrons and quarks are indivisible according to the Standard Model. 

The atomic nucleus consists of two kinds of quarks, up quarks and down quarks. So in fact, three elemen-
tary particles are needed for all matter to exist: electrons, up quarks and down quarks. But during the 
1950s and 1960s, new particles were unexpectedly observed in both cosmic radiation and at newly con-
structed accelerators, so the Standard Model had to include these new siblings of electrons and quarks.

François Englert and Peter Higgs meet for the first time, 
at CERN when the discovery of a Higgs particle was 
announced to the world on 4 July 2012.  
Photo: CERN, http://cds.cern.ch/record/1459503 

The Higgs particle, H, completes the Standard Model of particle 
physics that describes building blocks of the  universe. 
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In order for the phase transition to occur, four particles were required but only one, the Higgs particle, 
survived. The other three were consumed by the weak force mediators, two electrically charged W 
particles and one Z particle, which thereby got their mass. In that way the symmetry of the electroweak 
force in the Standard Model was saved — the symmetry between the three heavy particles of the weak 
force and the massless photon of the electromagnetic force remains, only hidden from view.

Extreme machines for extreme physics
The Nobel Laureates probably did not imagine that they would get to see the theory confirmed in 
their lifetime. It took an enormous effort by physicists from all over the world. For a long time two 
laboratories, Fermilab outside Chicago, USA, and CERN on the Franco-Swiss border, competed in 
trying to discover the Higgs particle. But when Fermilab’s Tevatron accelerator was closed down a 
couple of years ago, CERN became the only place in the world where the hunt for the Higgs particle 
would continue. 

CERN was established in 1954, in an attempt to reconstruct European research, as well as relations 
between European countries, after the Second World War. Its membership currently comprises 
twenty states, and about a hundred nations from all over the world collaborate on the projects.

CERN’s grandest achievement, the particle collider LHC (Large Hadron Collider) is probably the larg-
est and the most complex machine ever constructed by humans. Two research groups of some 3,000 
scientists chase particles with huge detectors — ATLAS and CMS. The detectors are located 100 metres 
below ground and can observe 40 million particle collisions per second. This is how often the particles 
can collide when injected in opposite directions into the circular LHC tunnel, 27 kilometres long.

Protons are injected into the LHC every ten hours, one ray in each direction. A hundred thousand 
billion protons are lumped together and compressed into an ultra-thin ray — not entirely an easy 
endeavour since protons with their positive electrical charge rather aim to repel one another. They 
move at 99.99999 per cent of the speed of light and collide with an energy of approximately 4 TeV each 
and 8 TeV combined (one teraelectronvolt = a thousand billion electronvolts). One TeV may not be 
that much energy, it more or less equals that of a flying mosquito, but when the energy is packed into 
a single proton, and you get 500 trillion such protons rushing around the accelerator, the energy of 
the ray equals that of a train at full speed. In 2015 the energy will be almost the double in the LHC.

A possible discovery in the ATLAS detector shows 
tracks of four muons (red) that have been created by the 
decay of the short-lived Higgs particle.  
Image: CERN, http://cds.cern.ch/record/1459496 

A Higgs particle can have been created and almost 
instantly decayed into two photons. Their tracks (green) 
are visible here in the CMS detector.  
Image: CERN, http://cds.cern.ch/record/1459459
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The beginning of a new era
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Immediate future: Large Hadron Collider

- Started this year at higher energy and intensity

Ecm  = 13-14 TeV. 


10s and ultimately 100+ more data.



Further down the road

Jianming Qian (University of Michigan) 16 

Proposed e+e- Colliders 

TLEP 

ILC in Japan 

at CERN 

CEPC in China 

There is also CLIC, see the presentation by Frank Simon 

来自中国的建议 
• 2012年9月“第二届中国高能加速器物理战略发展研讨会”提出了

建造周长为50-70km环形加速器的建议： 

– CEPC：质心能量为240GeV的高能正负电子对撞机(Higgs 工厂） 

– SppC：在同一隧道建造质心能量为50-90 TeV的强子对撞机。 

• 2013年6月12-14日香山会议共识：“环形正负电子对撞机Higgs工
厂(CEPC)+ 超级质子对撞机(SppC)是我国高能物理发展的重要选项
和机遇” 

• 2014年2月28日“第三届中国高能加速器物理战略发展研讨会”结
论：“环形正负电子对撞机Higgs工厂(CEPC) + 超级质子对撞机
(SppC)是我国未来高能物理发展的首要选项” 

e�e+  Higgs Factory 

pp collider  

Circular.   “Scale up” LEP+LHC

CLIC



Future circular colliders
CEPC+SppC

• Where(if in China):
– For example, Qin-Huang-Dao

China.
Higgs factory:  CEPC
pp Collider: SppC

CERN
Higgs factory:  FCC-ee
pp Collider: FCC-hh



So, what are we looking 
for?



The Standard Model before 2012

- Electroweak symmetry breaking (EWSB).

Weak interaction has finite range

Fermi, 1934



But, still need something else.

- Therefore, this picture is not valid at  


- Something new must happen before TeV scale. 

W+

W−
W−

W+E

E

Consider: 

Growing stronger at higher energy.  
Perturbative unitarity breaks down.



The answer

- The Higgs boson.

Spin 0 (scalar)


- Higgs field gives masses 
to electrons, W/Z....
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Understanding the Higgs



Why is Higgs puzzling?

particle spin

quark: u, d,... 1/2

lepton: e... 1/2

photon 1

W,Z 1

gluon 1

Higgs 0

h:  a new kind of 
elementary particle



“Simple” picture: Mexican hat
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that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 
Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 
underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 
BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 
the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 
was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 
important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 
of providing a fully rigorous theory. In the language of particle physics the breaking of a local 
gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 
the photon field inside the superconductor. The conjugate length scale is nothing but the 
London penetration depth. This example from superconductivity showed that a gauge theory 
could give rise to small length scales if the local symmetry is spontaneously broken and hence to 
short range forces. Note though, that the theory in this case is non-relativistic since it has a 
Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 
fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 
that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 
and he could then show that there is a bound state of the fermions, which he interpreted as the 
pion. This result follows from general principles without detailing the interactions. If the 
symmetry is exact, the pion must be massless. By giving the fermions a small mass the 
symmetry is slightly violated and the pion is given a small mass. Note that this development 
came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 
the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 
vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 = √   (𝜑 + 𝑖𝜑 ) with a Lagrangian 

density of the form 

𝐿 =   𝜕   𝜑  𝜕   𝜑 −  𝜇   𝜑  𝜑 − 𝜆
6   (𝜑  𝜑) , 

where 𝜑 is the complex conjugate of 𝜑,  and the coupling constant 𝜆  is positive. This Lagrangian 
is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒   𝜑, ie. a U(1) symmetry 
as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇 , to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  

 

 

Similar to, and motivated by
Landau-Ginzburg theory
 of superconductivity.

However, this simplicity is deceiving. 
Parameters not predicted by theory. Can not be the complete picture.

V (h) =
1

2
µ2h2 +
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hhi ⌘ v 6= 0 ! mW = gW
v

2



Not even sure about “Mexican hat”.

or

What we know now

Is the EW phase transition first order?

V (h) =
1

2
µ2h2 +

�

4
h4 V (h) =

1

2
µ2h2 � �

4
h4 +

1

⇤2
h6

v2 = 2|�|⇤2, and we find m2
H = �v2, µ = 7m2

H/v = (7/3)µSM , giving an O(1)
deviation in the cubic Higgs coupling relative to the Standard Model. In the
case with the non-analytic (h†h)2 log(h†h) potential, the cubic self-coupling
is µ = (5/3)µSM .

The LHC will not have the sensitivity to the triple Higgs coupling to
distinguish these possibilities. Even larger departures from the standard pic-
ture are possible — we don’t even know whether the dynamics of symmetry
breaking is well-approximated by a single light, weakly coupled scalar, as
there may be a number of light scalars, and not all of them need be weakly
coupled!

Nature of EW phase transition

- Consider a model Higgs + singlet
Simplest, but also hardest to discover.
Good testing case.

h

Wednesday, August 13, 14

?

See also Jing Shu and Tao Liu’s talk

Tuesday, January 20, 15

Figure 8: Question of the nature of the electroweak phase transition.

Understanding this physics is also directly relevant to one of the most fun-
damental questions we can ask about any symmetry breaking phenomenon,
which is what is the order of the associated phase transition. How can we
experimentally decide whether the electroweak phase transition in the early
universe was second order or first order? This question is another obvi-
ous next step following the Higgs discovery: having understood what breaks
electroweak symmetry, we must now undertake an experimental program to
probe how electroweak symmetry is restored at high energies.

A first-order phase transition is also strongly motivated by the possibility
of electroweak baryogenesis [18]. While the origin of the baryon asymmetry is
one of the most fascinating questions in physics, it is frustratingly straight-
forward to build models for baryogenesis at ultra-high energy scales, with
no direct experimental consequences. However, we aren’t forced to defer this
physics to the deep ultraviolet: as is well known, the dynamics of electroweak
symmetry breaking itself provides all the ingredients needed for baryogene-
sis. At temperatures far above the weak scale, where electroweak symmetry
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Where do we start?
6 OVERVIEW OF THE PHYSICS CASES FOR CEPC-SPPC
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Thursday, January 22, 15Figure 2.1 A sketch of two of the central goals of the CEPC and SppC. The CEPC will probe whether the Higgs
is truly “elementary", with a resolution up to a hundred times more powerful than the LHC. The SppC will see, for
the first time, a fundamentally new dynamical process—the self-interaction of an elementary particle—uniquely
associated with the Higgs.

two points are sketched in Fig. 2.1, and represent the central physics questions the CEPC and SppC are193

guaranteed to attack and resolve.194

At an even more fundamental level, much of the excitement surrounding the CEPC and SppC stems195

from the bold leap into completely uncharted new territory they offer, probing energy scales where we196

have long had reasons to expect fundamental new physical principles at play. The CEPC measurements197

of Higgs interactions with other particles, with an accuracy of nearly one part in a thousand, will provide198

a multitude of clues to its microscopic structure well beyond the capabilities of the LHC. The SppC will199

allow us to hunt for new fundamental particles an order of magnitude heavier than we can possibly200

produce with the LHC, and new particles the LHC may produce in small numbers will be produced with201

up to a thousand times higher rate, giving us a new window into the quantum-mechanical vacuum of202

our universe with a hundred-fold greater resolution than ever before.203

Over the past year, a large group of theorists around the world have embarked on detailed studies of204

the physics potential of the CEPC and SppC, spanning a wide range of topics, resulting in dozens of205

papers [3–27]. Needless to say these studies are all in early stages, and many years of intensive work206

have yet to be done to arrive at a complete picture of the capabilities of these machines. Our aim in this207

overview section is not to exhaustively review the wide array of results found to date, as these will likely208

be continuously improved in the near future. Instead, we will give a high-level summary of the central209

scientific issues at stake, and draw on the studies that have been carried out to show that the leap in210

precision and energy offered by the CEPC/SppC project is just what is needed to robustly tackle many211

of the most profound mysteries that confront us, especially focusing on the nature of the electroweak212

phase transition, the origin and naturalness of the electroweak scale, and electroweakly interacting dark213

matter. More details and additional studies are provided in the subsequent sections of the report.214

Is Higgs really the simple elementary particle?
Or, is it something more complicated?    

Visualize as the “size” of the particle
Complicated: size = mass-1 (just like proton)
Simple:  point-like

LHC results so far: point like, “sort of”, 
but not conclusive.

Need to look at couplings in greater detail.

Why it might be complicated? An example: 
Landau-Ginzburg replaced by BCS, more complicated! 



How well do we need to know?
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In general, the deviation from the simple picture
can be parameterized as 

LHC will measure the Higgs property down to 
several percent, probing MNP ≲ TeV.

It will also search new physics particles directly 
with mass  MNP ≲ TeV. 

To be comparable or go beyond, need to 
measure Higgs coupling to % level or better

� = c
m2

W

M2
NP

, c = O(1)



How well can we do?and accumulate an integrated luminosity of 3000 fb�1.1

LHC 300/3000 fb-1

CEPC 250 GeV at 5 ab-1 wi/wo HL-LHC
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Figure 19. The 7 parameter fit result, and comparison with the HL-LHC. The projections for
CEPC at 250 GeV with 5 ab

�1 integrated luminosity are shown. The CEPC results without com-
bination with HL-LHC input are shown with dashed edges. The LHC projections for an integrated
luminosity of 300 fb�1 are shown in dashed edges.

The CEPC Higgs properties measurements mark a giant step beyond the HL-LHC.2

First of all, in contrast to the LHC, a lepton collider Higgs factory is capable of measuring3

the absolute width and coupling strengths of the Higgs boson. A comparison with the4

HL-LHC is only possible with model dependent assumptions. One of such comparison is5

within the framework of a 7-parameter fit, shown in Fig. 19. Even with this set of restrictive6

assumptions, the advantage of the CEPC is still significant. The measurement of Z is more7

than a factor 10 better. The CEPC can also improve significantly on a set of channels which8

suffers from large background at the LHC, such as b, c, and g. We emphasize that this9

is comparing with the HL-LHC projection with aggressive assumptions about systematics.10

Such uncertainties are typically under much better control at lepton colliders. Within this11

7 parameter set, the only coupling which HL-LHC can give a competitive measurement is12

� , for which the CEPC’s accuracy is limited by statistics. This is also the most valuable13

input that the HL-LHC can give to the Higgs coupling measurement at the CEPC, which14

underlines the importance of combining the results of these two facilities.15

We also remark on the couplings which are left out in this fit. The most obvious16

omission is the BR
inv

. The CEPC with 5 ab�1 can measure this to a high accuracy of17

0.25%, as shown in Table 13. At the same time, the HL-LHC can only manage a much18

lower accuracy 6 � 17% [9].19

As we have discussed above, one of the greatest advantages of lepton collider Higgs20

factory is the capability of determining the Higgs coupling model independently. The pro-21

jection of such a determination at the CEPC is shown in Fig. 20. For comparison, we have22

discussion, see Refs. [9, 52, 65–67].

– 32 –

Z =
ghZ(Measured)

ghZ(SM)
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Higgs Factory

Higgs factory has what it takes!



Self coupling
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a multitude of clues to its microscopic structure well beyond the capabilities of the LHC. The SppC will199

allow us to hunt for new fundamental particles an order of magnitude heavier than we can possibly200

produce with the LHC, and new particles the LHC may produce in small numbers will be produced with201

up to a thousand times higher rate, giving us a new window into the quantum-mechanical vacuum of202

our universe with a hundred-fold greater resolution than ever before.203

Over the past year, a large group of theorists around the world have embarked on detailed studies of204

the physics potential of the CEPC and SppC, spanning a wide range of topics, resulting in dozens of205

papers [3–27]. Needless to say these studies are all in early stages, and many years of intensive work206

have yet to be done to arrive at a complete picture of the capabilities of these machines. Our aim in this207

overview section is not to exhaustively review the wide array of results found to date, as these will likely208

be continuously improved in the near future. Instead, we will give a high-level summary of the central209

scientific issues at stake, and draw on the studies that have been carried out to show that the leap in210

precision and energy offered by the CEPC/SppC project is just what is needed to robustly tackle many211

of the most profound mysteries that confront us, especially focusing on the nature of the electroweak212

phase transition, the origin and naturalness of the electroweak scale, and electroweakly interacting dark213

matter. More details and additional studies are provided in the subsequent sections of the report.214

Unique type of coupling for spin-0 scalars
Not seen before in nature!
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illustrate the point, let’s take the limit where the m2 term in the potential can be neglected. Now the544

potential is minimized for v2

= 2|�|⇤2, and we find m2

H = 2�v2, µ = 7m2

H/v = (7/3)µSM , giving545

an O(1) deviation in the cubic Higgs coupling relative to the Standard Model. In the case with the546

non-analytic (h†h)

2 log(h†h) potential, the cubic self-coupling is µ = (5/3)µSM .547

The LHC will not have the sensitivity to the triple higgs coupling to distinguish these possibilities.548

Even larger departures from the standard picture are possible - we don’t even know whether the dynam-549

ics of symmetry breaking is well-approximated by a single light, weakly coupled scalar; there may be a550

number of light scalars, and not all of them need be weakly coupled!551

Nature of EW phase transition

- Consider a model Higgs + singlet
Simplest, but also hardest to discover.
Good testing case.

h

Wednesday, August 13, 14

?

See also Jing Shu and Tao Liu’s talk

Tuesday, January 20, 15

Figure 2.12 Question of the nature of the electroweak phase transition.

Understanding this physics is also directly relevant to one of the most fundamental questions we can552

ask about any symmetry breaking phenomenon—what is the order of the associated phase transition?553

How can we experimentally decide whether the electroweak phase transition in the early universe was554

second order or first order? This question is another obvious next step following the Higgs discov-555

ery: having understood what breaks electroweak symmetry, we must now undertake an experimental556

program to probe how electroweak symmetry is restored at high energies.557

A first-order phase transition is also strongly motivated by the possibility of electroweak baryoge-558

nesis. While the origin of the baryon asymmetry is one of the most fascinating questions in physics,559

it is frustratingly straightforward to build models for baryogenesis at ultra-high energy scales, with no560

direct experimental consequences. However, we aren’t forced to defer this physics to the deep ultravi-561

olet: as is well-known the dynamics of electroweak symmetry breaking itself beautifully provides all562

the ingredients needed for baryogenesis. At temperatures far above the weak scale, where electroweak563

symmetry restored, electroweak sphalerons are unsuppressed, and violate baryon number. As the tem-564

perature cools to near the electroweak transition, bubbles of the symmetry breaking vacuum begin to565

appear. CP violating interactions between particles in the thermal bath and the expanding bubble walls566

can generate a net baryon number. If the phase transition is too gradual (second order), then the Higgs567

vev inside the bubbles turns on too slowly, so the sphalerons are still active inside the bubble, killing the568

baryon asymmetry generated in this way. But if the transition is more sudden (first order), the Higgs569

vev inside the bubble right at the transition is large, so the sphalerons inside the bubble are Boltzmann570

suppressed and the baryon asymmetry can survive. This requires exp(��Esph/Tc) < exp (�10), and571

can be translated to a rough criterion on the size of the Higgs expectation value at the transition:572

hhi(Tc)

Tc
> 0.6 ! 1.6 (2.15)

In the Standard Model with mh = 125 GeV, the electroweak phase transition is not strong enough573

to satisfy this condition. Also the CP violation in the CKM matrix is not large enough to generate the574

needed asymmetry even ignoring the washout by sphalerons in the bubble. So in order to make this575

Measuring it well is crucial to 
answer this question.
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Thursday, January 22, 15Figure 2.1 A sketch of two of the central goals of the CEPC and SppC. The CEPC will probe whether the Higgs
is truly “elementary", with a resolution up to a hundred times more powerful than the LHC. The SppC will see, for
the first time, a fundamentally new dynamical process—the self-interaction of an elementary particle—uniquely
associated with the Higgs.
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overview section is not to exhaustively review the wide array of results found to date, as these will likely208

be continuously improved in the near future. Instead, we will give a high-level summary of the central209

scientific issues at stake, and draw on the studies that have been carried out to show that the leap in210

precision and energy offered by the CEPC/SppC project is just what is needed to robustly tackle many211

of the most profound mysteries that confront us, especially focusing on the nature of the electroweak212

phase transition, the origin and naturalness of the electroweak scale, and electroweakly interacting dark213
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Higgs Factory + 
100 TeV pp collider

More difficult, but doable.
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FIG. 6: Panel (a) shows the invariant mass distribution of
the two hardest isolated photons and the extra jet mγγj for
the hh + jet analysis. Panel (b) displays mbb̄j and panel (c)
shows the invariant mass of the 2-photon, 2-b-jet and extra
jet system mbb̄γγj . We show the signal distributions for λ =
0, λSM and 2λSM and the backgrounds in all cases.

better photon identification performance at low energies
becomes possible in the future.

Results

We now combine both analyses in the bb̄γγ channel
to formulate a constraint on the Higgs trilinear coupling
in light of the expected signal and background yields in
pp → hh + X and pp → hh + jet + X production. For
simplicity we assume that both measurements are statis-
tically uncorrelated and combine them in a binned log-
likelihood hypothesis test [38, 39]. We compute a 95%
confidence level using the CLS method [40] around the
SM parameter choice λ = λSM and find

λ
λSM

∈

⎧

⎪

⎨

⎪

⎩

[0.672, 1.406] no background syst.

[0.646, 1.440] 25% hh, 25% hh+ jet

[0.642, 1.448] 25% hh, 50% hh+ jet

(3)

for an integrated luminosity of 3000/fb. Due to the
shape of the cross section as a function of λ, there is a pa-
rameter choice at λ ≃ 4λSM with SM-like cross sections.

This region can be excluded using the high luminosity
phase of the 14 TeV LHC [15].
In the calculation of the confidence level intervals the

quoted systematic uncertainties refer to a flat rescaling
of the contributing backgrounds. From Eq. (3) we can
expect that a measurement of the trilinear coupling at
the 40% level should be possible. A 5σ discovery of the
dihiggs signal will be possible with an integrated lumi-
nosity of 700/fb.
A number of authors have noted that a total integrated

luminosity of 3/ab may not be sufficient to saturate the
physics potential of a 100 TeV collider [41, 42], since the
necessary luminosity typically scales quadratically with
the centre of mass energy. We therefore also compute
limits under the assumption that 30/ab of data is taken.
The limits shown in Eq. (3) then improve to

λ
λSM

∈

⎧

⎪

⎨

⎪

⎩

[0.891, 1.115] no background syst.

[0.882, 1.126] 25% hh, 25% hh+ jet

[0.881, 1.128] 25% hh, 50% hh+ jet

(4)

in this case. We note that these limits are nearly iden-
tical to what can be achieved with the 1 TeV luminosity
upgraded ILC.

Triple Higgs coupling at 100 TeV pp collider
30 ab-1

Barr, Dolan, Englert, de Lima, Spannowsky 



Beyond the Higgs

New circular colliders with unprecedented 
energy reach and precision.

Greatly enhance the search for new physics, 
help answer fundamental questions.

Examples:  naturalness, dark matter, …



Λ:  a cut-off.  
The energy scale of new physics

responsible for EWSB

Electroweak scale, 100 GeV.  
mh , mW …

What is Λ? Can it be very high,
such as MPlanck = 1019 GeV, …? 

If so, why is so different from 100 GeV?

Naturalness of electroweak symmetry breaking

TeV new physics.
Naturalness motivated



Is fine-tuning ok? 
- Mathematically, yes.                                             

Can always solve mh2(physical) = m02 + c Λ2.    But... 

Try “known” answer first 
A rope? 

No rope? 
More exotic possibilities

Another fine-tuning problem

Similarly, we have been searching for an explanation 
for the fine-tuning of Higgs mass O(10-32 )



TeV new physics: SUSY stop

- Not too strong yet (my own opinion). 


- We need to go further. 
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LHC: run 2+

- A big step forward. 


- Could discover stop.


- Push up fine-tuning, by a factor of 4.

DRAFT

26 New Particles Working Group Report

6.2 Direct Production of Top Squarks

Naturalness arguments lead to the conclusion that a Higgs boson mass of mH = 125 GeV favors
a light top squark mass, less than 1 TeV. A direct search for top squarks needs to cover this
allowed range of masses. The top squark pair production cross section at

�
s = 14 TeV is 10 fb

for mt̃ = 1 TeV. For the purpose of this study, the stops are assumed to decay either to a top
quark and the LSP (t̃ � t + �̃0

1) or to a bottom quark and the lightest chargino (t̃ � b + �̃±1 ).
The final state for the first decay is a top quark pair in associated with large missing transverse
momentum, while the final state for the second decay is 2 b-jets, 2 W bosons, and large missing
transverse momentum. In both cases, leptonic signatures are used to identify the top quarks or
the W bosons. The 1-lepton + jet channel is sensitive to t̃ � t + �̃0

1, and the 2-lepton + jet
channel is sensitive to t̃ � b + �̃±1 . For this study, the event selection requirements were not
reoptimized for a greater integrated luminosity.

An increase in the integrated luminosity from 300 to 3000 fb�1 results in an increase in a stop
mass discovery reach of approximately 150 GeV, up to 920 GeV (see Fig. 11). This increase
covers a significant part of the top squark range favored by naturalness arguments. In this study
the same selection cuts were used for the two luminosity values.
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Figure 11: Discovery reach (solid lines) and exclusion limits (dashed lines) for top squarks in the t̃ �
t + �̃0

1 (red) and the t̃ � b + �̃±1 , �̃
±
1 � W + �̃0

1 (green) decay modes.

6.3 Strong Production of Squarks and Gluinos

A high-luminosity dataset would allow the discovery reach for gluinos and squarks to be pushed
to the highest masses. Gluinos and light-flavor squarks can be produced with a large cross
section at 14 TeV, and the most striking signature is still large missing transverse momentum as
part of large total e�ective mass. An optimized event selection for a benchmark point with
mq̃ = mg̃ = 3200 GeV requires the missing transverse momentum significance, defined as
Emiss

T /
�

HT , be greater than 15 GeV1/2. (The variable HT is defined to be the scalar sum of
the jet and lepton transverse energies and the missing transverse momentum in the event.) Both
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fine-tuning. One possible production mechanism is the decay of (light) gluinos to stops and
sbottoms, if they are lighter than the gluinos and the gluinos are within the LHC reach with
13–14 TeV. These models are studied in the previous Secs. 5.1–5.2. Here, we study the model
where the stops are the lightest squarks and are directly produced in pairs. The extrapolation
is based on the result obtained from a search in final states with a muon or electron [34]. This
analysis has a discovery reach for stop masses of 300–500 GeV and a maximum neutralino mass
of 75 GeV for a center-of-mass energy of 8 TeV and an integrated luminosity of 20 fb�1.

The projections to higher energy and luminosity are based on the 8 TeV Monte Carlo simulated
samples produced with the MADGRAPH 5 [43] simulation program. For Scenario A, the signal
and background yields, as well as the uncertainty on the background, are scaled by the ratios
Rsig and Rbkg, respectively (Eq. (3)). The cross sections for direct stop production are enhanced
for 14 TeV by a factor of ⇠ 4–20 for stop masses of 200–1000 GeV. The main background consists
of tt events, which are scaled by the cross section ratio. The ratio of the cross sections for the
second highest background, W+jets, is smaller than tt, leading to a conservative background
estimation. The signal extrapolation is done in the same way for the less conservative Scenario
B, but the uncertainty on the background is reduced by 1/

p
Rbkg, as it is assumed that the

uncertainty is largely driven by the statistical precision from the control samples, which will
improve with more data. Nevertheless, a fixed lower limit on the relative uncertainty of at least
10% is kept.
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Figure 18: The simplified model topology direct stop production, where the stops decay to a
top quark and an LSP each (left), and the projected 5� discovery reaches for this model (right).

The results are summarized in Fig. 18. A discovery reach for stop masses of 750–950 GeV, and
LSP masses of 300–450 GeV, is expected. More stringent selection requirements could suppress
the background further, leading to an improvement of the signal-to-background ratio and dis-
covery potential. Also, when searching for stop signals at higher masses, many top quarks from
stop decays are highly boosted, but the use of the boosted top taggers are not yet explored to
gain extra sensitivity.

Figure 1-23. ALTAS [151] and CMS [153] projections of reaches for stop in direct pair production LHC
Run 2 and HL-LHC.

channels to charginos and neutralinos. Measuring them will paint a full picture of stop couplings. Many of668

these channels will be subdominant, and discovering them require large statistics. HL-LHC is indispensable669

in accomplishing this task.670

To confirm the initial estimates of the stop properties, more detailed measurements of properties need to be671

carried out. Indeed, there can be other new physics scenarios, for example the Universal Extra Dimension672

(UED), which can have signals very similar to SUSY. Therefore, during the period after discovery, there673

will be competing interpretations. To distinguish them, model independent measurements of spin and mass674

are necessary. Such measurements are di�cult, since we can not fully reconstruct the momentum of LSPs.675

Precise measurement of subtle features of kinematical distributions will be necessary. High statistics at the676

level of HL-LHC will great enhance our capability of carrying out these measurements.677
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Figure 7: Results for the stop-neutralino model using the single lepton analysis strategy. The left [right]
panel shows the 5 � discovery reach [95% CL exclusion] for the four Snowmass collider scenarios. A 20%
systematic error is assumed and pileup is not included.

100 TeV proton collider could discover a ⇠ 5.5 TeV stop.

The tuning in models where m�t > mt derives from the Renormalization Group Equations (RGE)
for the up-type Higgs boson soft mass squared m2

Hu
; in the one-loop leading log approximation

there is a contribution from each stop of at least

�m2

Hu
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3 y2

t

8 �2

m2

�t log

✓
�

TeV

◆
, (2)

Note that for � � TeV, the one-loop leading log approximation breaks down.

Given a bound on the lightest stop mass, Eq. (2) can be translated into a naive lower bound on
tuning ��1 [10]:
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��1

10%

◆
. (3)

Non-zero A-terms, RG effects of heavy gluinos, and tree-level tunings from the µ term all tend
to increase the overall tuning. Therefore, Eq. (3) gives a conservative rough estimate of the “least
tuned” an MSSM-like model can be given a collider constraint on the lightest stop mass. Assuming
a SUSY breaking scale of � = 300 TeV and a massless neutralino, the results in Fig. 7 can be used
to estimate the minimum tuning implied by a null result at each collider scenario:

14 TeV (300 fb�1) 14 TeV (3000 fb�1) 33 TeV 100 TeV

2 ⇥ 10�2 1 ⇥ 10�2 2 ⇥ 10�3 1 ⇥ 10�3

Note that we have included a factor of two to account for the tuning from both stops — the heavier
stop will also make a contribution to the tuning at least of the same order.

13

Figure 1-24. Reaches for stop-neutralino simplified model using the single lepton channel [71]. The left
[right] panel shows discovery reach [95% CL exclusion].

The most interesting coupling of stop is probably with the Higgs boson. Confirming its consistency with678

SUSY prediction would be a directly proof of the stop’s crucial role in solving the fine-tuning problem. To679

directly probe this coupling, one would have to observe the pp ! t̃t̃⇤h process. However, this process has680

an extremely low rate at 14 TeV LHC. It can only be reached at the VLHC with E
CM

= 100 TeV. At the681

same time, a robust test of the divergence cancellation can be performed by testing the “SUSY-Yukawa sum682

Community Planning Study: Snowmass 2013

6.2 Direct Production of Top Squarks

Naturalness arguments lead to the conclusion that a Higgs boson mass of mH = 125 GeV favors
a light top squark mass, less than 1 TeV. A direct search for top squarks needs to cover this
allowed range of masses. The top squark pair production cross section at

p
s = 14 TeV is 10 fb

for mt̃ = 1 TeV. For the purpose of this study, the stops are assumed to decay either to a top
quark and the LSP (t̃ ! t + �̃0

1) or to a bottom quark and the lightest chargino (t̃ ! b + �̃±1 ).
The final state for the first decay is a top quark pair in associated with large missing transverse
momentum, while the final state for the second decay is 2 b-jets, 2 W bosons, and large missing
transverse momentum. In both cases, leptonic signatures are used to identify the top quarks or
the W bosons. The 1-lepton + jet channel is sensitive to t̃ ! t + �̃0

1, and the 2-lepton + jet
channel is sensitive to t̃ ! b + �̃±1 . For this study, the event selection requirements were not
reoptimized for a greater integrated luminosity.

An increase in the integrated luminosity from 300 to 3000 fb�1 results in an increase in a stop
mass discovery reach of approximately 150 GeV, up to 920 GeV (see Fig. 11). This increase
covers a significant part of the top squark range favored by naturalness arguments. In this study
the same selection cuts were used for the two luminosity values.
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Figure 11: Discovery reach (solid lines) and exclusion limits (dashed lines) for top squarks in the t̃ !
t + �̃0

1 (red) and the t̃ ! b + �̃±1 , �̃
±
1 ! W + �̃0

1 (green) decay modes.

6.3 Strong Production of Squarks and Gluinos

A high-luminosity dataset would allow the discovery reach for gluinos and squarks to be pushed
to the highest masses. Gluinos and light-flavor squarks can be produced with a large cross
section at 14 TeV, and the most striking signature is still large missing transverse momentum as
part of large total e↵ective mass. An optimized event selection for a benchmark point with
mq̃ = mg̃ = 3200 GeV requires the missing transverse momentum significance, defined as
Emiss

T /
p

HT , be greater than 15 GeV1/2. (The variable HT is defined to be the scalar sum of
the jet and lepton transverse energies and the missing transverse momentum in the event.) Both
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contours of the two di�erent search strategies.

The searches proposed here also have good discriminating power away from the massless

neutralino limit. A 1.5 TeV stop could be discovered in the compressed region of parameter

space. It is possible to exclude neutralino masses up to 2 TeV in most of the parameter

space.

All of the results presented here have been obtained with very minimal cut-flows that do

not rely on b-tagging or jet substructure techniques. Additional refinements should increase

the search sensitivity, at the price of making assumptions on the future detector design.
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D. Di�erent Luminosities

An open question in the design for the 100 TeV proton-proton collider is the luminosity

that is necessary to take full advantage of the high center of mass energy. As cross sections fall

with increased center of mass energy, one should expect that higher energy colliders require

more integrated luminosity to fulfill their potential. The necessary luminosity typically

scales quadratically with the center of mass energy, meaning that one should expect that

the 100 TeV proton-proton collider would need roughly 50 times the luminosity of the LHC

at 14 TeV.

This section shows the scaling of our search strategy as a function of the number of

collected events. As the luminosity changes, we re-optimize the /ET cut. For integrated
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enough numbers for the more detailed study needed to ascertain what the particles are trying to tell1012

us about TeV scale physics. As a simple example, consider a gluino with mass of 1.5 TeV, just at the1013

LHC8 limit. Roughly 10

4 of these particles will be produced through the LHC14 program, certainly1014

enough to be able to claim a discovery, but not much else. The careful examination of its properties,1015

necessary to even hope for a zeroth order claim that supersymmetry has been discovered, will need1016

the SppC, producing ⇠ 10

7 � 10

8 gluinos of the same mass. Second, the fact that we haven’t seen1017

any new physics at LHC8 also makes it very unlikely that the entire spectrum of new states will be1018

produced at LHC14. Consider the example of “natural SUSY”, where the stops and gluinos are light,1019

but the first two generations scalars are heavy. The first two generation should plausibly be heavier than1020

⇠ 5 TeV, enough to eliminate their dangerous contribution to electric diploe moments. But they can’t1021

get too heavy, as they induce a logarithmically enhanced negative mass for the (light) third-generation1022

squarks, [61, 62], and so can’t be pushed higher than at most ⇠ 30 TeV. Finding these heavier scalars1023

will be critical for a zeroth-order understanding of the spectrum, which entangles the physics of flavor1024

and supersymmetry breaking in a fascinating way. While these scalars are well outside the reach of the1025

LHC, they will be easily accessible to the SppC. The most powerful production channel is the associated1026

production of the gluino and first-two generation squarks, as shown in Fig. 2.22: The reach for squarks1027

goes up to an incredible ⇠ 35 TeV, covering the entire range of masses for the first-two generation1028

scalars of natural SUSY.1029

A very big step.

LHC

Cohen et. al., 2014



Where does this lead us ?
We searched for natural models

Not found yet. We will continue to look

Discover new physics.
Triumph (again) for 
naturalness, and 
Quantum Field Theory 
as we know it. 

No discovery. Motivation for 
a big paradigm shift. 
UV/IR, landscape....
No great idea yet. 

Greatest discovery can com from null experimental result. 
(Example: Michelson-Morley)



Dark matter

It is there.

 Only seen its gravitational interaction.


We have to understand them better.

Collider search is a key approach.



WIMP miracle

- Thermal equilibrium in the early universe.


- If  gD ∼ 0.1 MD ∼ 10s GeV - TeV


We get the right relic abundance of dark matter.


- Major hint for weak scale new physics!

DM

DM

SM



Searching for WIMP dark matter

DM

DM

SM

Direct detection:

CDMS


CoGeNT

COUPP

CRESST

DAMA

XENON


LZ

.....

Collider searches:

LHC, 


100 TeV pp ...


Indirect detection:

AMS2, PAMELA, Fermi-LAT


HAWC, HESS...



WIMP mass

- More precisely, to get the correct relic abundance

DM

DM

SM

MWIMP  1.8 TeV

✓
g2

0.3

◆

TeV-ish in simplest models



WIMP searches at colliders
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Figure 2.33 Left: The mass reach in the gluino coannihilation scenario in the monojet channel with L = 3000 fb�1

for the 14 TeV LHC (blue) and the SppC (red). The bands are generated by varying the background systematics
between 1 � 2% and the signal systematic uncertainty is set to 10%. The lower x-axis displays the gluino-bino
mass splitting �m for a given bino mass which is required to saturate the relic density [82, 83]. A tick is placed
every 10 GeV with the exception of the consecutive �m = 140 GeV ticks [17]. Right: The mass reach in the
stop coannihilation scenario in the monojet channel with L = 3000 fb�1 for the 14 TeV LHC (blue) and the SppC
(red). The bands are generated by varying the background systematics between 1 � 2% and the signal systematic
uncertainty is set to 10%. The lower x-axis displays the stop-bino mass splitting �m for a given bino mass which
is required to satisfy the relic density [83]. A tick is placed every 5 GeV with the exception of the consecutive
�m = 25 GeV ticks [17].
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2.5 Outlook1355

We have given a broad survey of some of the central physics motivations of the CEPC-SppC project. In1356

the rest of this report, a number of these subjects will be discussed at greater length. In section 2, we1357

will outline a preliminary design of the CEPC detectors, and discuss the CEPC capabilities for Higgs1358

coupling measurements in detail. In section 3, we discuss the projections for precision electroweak1359

measurements that can be performed running on the Z-pole at the CEPC. In section 4, we study the1360

capabilities of the CEPC for an entirely different kind of physics. Sitting on the Z will produce ⇠ 10

11

1361

B�hadrons, as well as charm quarks and ⌧ particles. This will allow myriad studies both of low-energy1362

hadronic physics, as well as rare ⌧ decays.1363
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measurements that can be performed running on the Z-pole at the CEPC. In section 4, we study the1360

capabilities of the CEPC for an entirely different kind of physics. Sitting on the Z will produce ⇠ 10
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hadronic physics, as well as rare ⌧ decays.1363

MWIMP  1.8 TeV

✓
g2

0.3

◆

Need 100 TeV collider to cover most of the parameter space.



LHC scenarios 



No discovery?

- LHC won’t have the final word on many questions.

Won’t nail the Higgs properties. No complete 
understanding of EWSB.


No good answer for many other questions like for 
naturalness, identity of dark matter, etc. 


- We should certainly go further. 



If we make a discovery

- Beginning of a new era. Seeing the first sign of a new 
layer of new physics.


- However, it is unlikely to discover the full set of the 
particles, since we have not see anything yet.


- Typically, going from 8 TeV to 14 TeV increase the 
reach at most by a factor of 2. 


- However, many models feature particles with masses 
spread at least factor of several apart. 


- Won’t be able to see everything. 


- LHC discovery will set the stage for our next 
exploration, in particular at a 100 TeV pp collider.



For example, maybe this one?


Certainly too early,  data in 2016 will tell…
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IF
it’s new physics…



How can neutral particle goes to photon, which 
only couples to charged particles

X0
�

�

Must be charged particles here. 

For the SM higgs, they are top quark and W boson

Can top and/or W do it for the X(750)? 



- Say X couples to top and or W, with arbitrary 
coupling. 


BR(di-photon) is less than 10-4.


4 fb to di-photon means 10s -100 pb to ttbar and or 
WW.


A factor of 4 or 5 in the production rates between 8 
and 13 TeV. 


ttbar and/or WW signal of at least pb(s) at 8 TeV.


Ruled out by run 1 already!

t , W

t , W



No. Can not (just) be top or W.

750 GeV res. can not be alone. 

Must have more new physics!!



Can be the tip of an iceberg.

Λ=10 TeV : new gluon and quarks

      m*   ≈TeV(s), resonances 

η: 750 GeV

Higgs.

For example: composite Higgs

Address the question: why 750 GeV.



IF it’s new physics…

Huge impact on the strategy of future colliders.



Big ring ++ 

- The motivation for having a very large ring, with 
the goal of a super proton collider with higher 
energy (10s to 100 TeV), would be super strong. 


Completely unravel a new layer of new physics. 


Another 50+ years exciting discoveries.


Reasonable to have a higgs factory stage.


- Lepton colliders, such as  CLIC(to lesser extent 
the ILC), can cover some ground, especially the 
new charge particles. But unlikely the full story. 



For example: composite Higgs
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Figure 3.2: Comparison of direct and indirect searches in the (m⇢, g⇢) plane. Left panel: region up to
m⇢ = 10TeV showing the relevance of LHC direct searches at 8TeV with 20 fb�1 (LHC8), 14TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.

kink in the limits originates from the superposition of the di-lepton and di-boson searches we

considered which, as already mentioned, is more sensitive to weak and strong g⇢, respectively.

This is due to the fact that, while the coupling to fermions decreases, the one to (longitudinal)

gauge bosons increases like g⇢ and the di-boson BR rapidly becomes dominant.

The global message which emerges from these pictures is rather simple and expected. An

increase of the collider energy improves the mass reach dramatically, and in particular only

the 100TeV FCC can access the multi–TeV region. An increase in luminosity, instead, has a

marginal e↵ect on the mass reach but considerably extends the sensitivity in the large g⇢ (i.e.,

small rate) direction. In particular we see that the impact of the high luminosity extension of

the LHC is considerable given that largish values of the g⇢ coupling are perfectly plausible in

the CH scenario (see the Conclusions for a more detailed discussion).

Let us now turn to the indirect constraints from the measurement of the Higgs coupling to

vector bosons. The 1� (68%CL) error on ⇠ (i.e., twice the one on kV ' 1 � ⇠/2) obtainable

for di↵erent collider options, as extracted from currently available literature, are summarised

in table 3.1. Twice those values, which in the assumption of gaussian statistics corresponds to

the 95%CL limits on ⇠, are reported in figures 3.2 and 3.3 as black dashed curves, with the

excluded region sitting above the lines. In the (m⇢, ⇠) plane, the limits simply corresponds to

horizontal lines and translate into straight lines with varying inclination in the (m⇢, g⇢) plane.

In particular, we show the LHC reach with 300 fb�1 and 3 ab�1, obtained from single Higgs

production, corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and the expected reach of the

ILC and TLEP at
p

s = 500GeV and
p

s = 350GeV corresponding to ⇠ > 0.01 and ⇠ > 0.004.

9

preferred

new 
resonances

new strong integration
new gluon and quarks



What is happening in 
China?



You probably have heard

Well, right direction, not quite there yet. 

Guardian 



CEPC-SPPC Timeline (preliminary) 

15CEPC-SPPC Meeting, May 17-18, 2015W. Chou

R&D
Engineering Design

(2016-2020)
Construction
(2021-2027)

Data taking
(2028-2035)

Pre-studies
(2013-2015)

1st Milestone: Pre-CDR (by the end of 2014) → R&D funding request to Chinese government in 2015 
(China’s 13th Five-Year Plan 2016-2020) 

CEPC

R&D
(2014-2030)

Engineering Design
(2030-2035)

Construction
(2035-2042)

Data taking
(2042-2055)

SPPC

2nd Milestone: 13th Five Year Plan R&D

Done!

Will know sometime this year

http://cepc.ihep.ac.cn/preCDR/volume.html

http://cepc.ihep.ac.cn/preCDR/volume.html


CEPC Design –Higgs Parameters
Parameter Design Goal
Particles e+, e-
Center of mass energy 240 GeV
Luminosity (peak) 2*10^34/cm^2s
No. of IPs 2

CEPC Design – Z-pole Parameters
Parameter Design Goal
Particles e+, e-
Center of mass energy 45.5 GeV
Integrated luminosity (peak) >1*10^34/cm^2s
No. of IPs 2
Polarization Consider in the second 

round
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Parameter choice for SPPC (Potential)

……

(F. Su et al)



In 2016

- We will know whether China will start support 
R&D work (13th 5 year plan, or through some 
other means ). 


- Will produce a CDR.


More detailed CEPC design, more specific 
choices (size of the ring etc.). 


More detailed physics argument to support the 
design choices.


- Aggressive effort in seeking international support, 
building collaboration.  



More opportunities and challenges

- Better SM theory calculation needed for taking 
full advantage of energy and luminosity. 


- Many more NP channels, e.g. flavor (violating) 
physics at 10s TeV?


- Full set of Higgs measurements at 100 TeV, both 
inclusive and energy dependence.


- Physics driven (such as dark matter search) novel 
detector designs.


- We will and should do much better than we know 
now in a couple of decades. cf. LHC vs SppS. 



Conclusions

- Higgs discovery “completes” SM. LHC will further 
extend our reach in new physics. 


- Several fundamental questions in particle physics 
will not be answered (fully) by the LHC.


Understanding  EWSB, naturalness, dark matter, etc.


- Going beyond the LHC, circular colliders 

Higgs factory + high energy pp collider.


Many activities, particularly the last couple of years. 


Great physics case. 


Effort underway to make it happen.



A lot to look forward to…

H




